The concrete degradation is one of the most serious problems for a dam construct during the normal operation, which determines the dam service life. Hence, it is very important to reduce the extent of the dam concrete degradation for the safety of the dam normal operation. Here, Lijiaxia hydroelectric station is taken as an example, and a comprehensive method to assess the sulphate effect on dam gallery is proposed. Eleven samples in total were taken from three difference locations by the drill bore. The microstructural investigations including X-ray fluorescence spectrometry (XRF), X-ray diffraction (XRD), scanning electron microscope (SEM), and energy dispersive spectroscopy (EDS) were conducted to assess the sulphate attack and the degradation degree. Meanwhile, the water chemical analysis was applied to reveal the mechanism of concrete degradation. The experimental and analysis results indicate that the concrete degradation degree varies with the location of the samples. The components of the concrete change and the content of SO 3 increase dramatically during degradation. Moreover, the mineral facies of the concrete change correspondingly, with the cement paste substituted by the calcite, calcium vitriol, and gypsum. The reinforcement and precaution measures are suggested based on the results of the degradation assessment.
Introduction
Lots of hydropower stations were constructed along the Yangtze River and Yellow River in China from 1950s, especially in the southwestern China [1] [2] [3] . Meanwhile, the concrete dams have to be built on the rivers with the hydropower stations. Most of the concrete dams have been working for decades, and the concrete degradation would happen with time [4] . Concrete degradation is mainly attached by reactive liquids and gases, which could cause the chemical, colloidal, or physicochemical deterioration and disintegration of solid concrete components and structures [5] . The degradation process would lead to the concrete weight loss and surface spalling [6, 7] . There are several different reasons causing concrete degradation, including salt water or acidic ground water, microbes in sewer pipes, sulphates, chlorides, nitrates, fluorides, sulphides, and industrial waste like slag and corrosive gases and so on [5, 8] . The combination of the factors mentioned above leads to concrete degradation, while the concrete structures are exposed to an aggressive environment. Sulphates effect is one of the most ubiquitous ones in the natural environment, but the mechanism of sulphate attack on cement concrete is not well understood [9] . This has limited the confidence to the assessment of degradation degree, which is the main factor of the dam stability. Hence, a systematic research effort on sulphate effect is necessary to the safety of dam construction and the normal operation of the hydropower station.
The sulphate concrete degradation inspection and evaluation have attracted much scientific attention in recent years [10, 11] (Hu et al. 2016 ). Many different methods for the concrete degradation assessment were proposed [12, 13] . For example, a borehole could be drilled in the concrete dam, and the core would be taken out to check the concrete degradation degree. The drilled core method is one of the most common methods because the inside of the concrete could be revealed and exposed directly by this method. Moreover, the concrete core could be used as the samples of laboratory tests [14] . Some other methods, including indentation method, rebound method, and ultrasonic method, are also applied to the dam concrete degradation examination [15] . However, almost all of the methods mentioned above could only provide the macroscopically evaluation results and qualitatively describe the degradation phenomena of the dam concrete. The substantial mechanism of concrete degradation could not be understood because the precipitations after the degradation are varying. Recently, several researchers have studied the concrete dam degradation based on the microstructural investigations, such as XRF, XRD, SEM, and EDS [16, 17] . Romer and Lienemann [18] presented the deterioration of shotcrete in the safety gallery by the salt-containing water based on the XRF and XRD microstructural measurements. Hu et al. [19] have shown that the concrete of Yongan Dam is deteriorated due to the thaumasite form of sulphate attack, according to microanalytical investigations, SEM and energy disperse Xray (EDX). Portella et al. [14] analyzed the elemental chemical composition and phases of a concrete dam with over 50 years of operation by EDS and XRD techniques. However, most of the microanalytical studies on the dam concrete degradation are based on single or two experimental techniques, which might cause the local uncertainty of the precipitations.
In this paper, both in situ investigations and a series of laboratory tests including XRF, XRD, SEM, and EDS were conducted to analyze the sulphate attach degradation of Lijiaxia hydroelectric station dam gallery concrete. Comprehensive concrete degradation analysis was done based on the field investigations and laboratory tests results. At the end, the precaution measures were suggested to control the dam gallery concrete degradation. The research results could provide useful information for future inspections for Lijiaxia hydroelectric station dam and regular inspections for other similar concrete dams.
Study Areas
Lijiaxia hydropower station is located in Jainca County, Qinghai Province, China, which is the third step hydropower station of upper reaches of the Yellow River (Figure 1) . The dam is a concrete arch-gravity dam with length 414.39 m and height 515 m. The dam houses a hydroelectric power station with 5 × 400 MW generators for a total installed capacity of 2,000 MW. The hydropower station is the second largest hydropower station in the northwestern of China, which is the pivotal role for the electricity generating and irrigation in this area. Moreover, there are many people living in villages at the downstream of the dam. Hence, the stability of the river dam is very important to the normal operations of the hydropower station and the safety of the people living at downstream.
The schematic of the hydropower station dam gallery and the location details of sampling are shown in Figure 2 . The field investigation shows that the worst location of degradation is BH3 (elevation: 2038); the degradation degree of the surface concrete is dramatic. Lots of local apophysis and desquamate phenomena could be seen on the concrete step at the BH3 position. Conversely, the degradation degrees of the surface concrete around the BH1 and BH2 are not that terrible. Only several local apophysis and desquamate phenomena could be found on the step (Figure 2 ). Three concrete samples beside the three boreholes and eight concrete samples from different depths of borehole cores were taken. The depth details of each borehole core sample are shown in Table 1 . In order to clarify the mechanism of this dam gallery concrete degradation, several laboratory tests including XRF, XRD, SEM, and EDS were conducted to inspect the concrete degradation and degradation degree of the concrete for both borehole and gallery surface samples.
Chemical Constituents Detecting of Degradation Concrete

XRF Experiments and Results.
The XRF tests were conducted on all samples from three locations to investigate the basic chemical composition. X-ray fluorescence (XRF) is the emission of fluorescent X-rays from a material that has been excited by bombarding with high-energy X-rays or gamma rays. The phenomenon is widely used for building materials and for research in geochemistry, forensic science, and archaeology [20, 21] . Both of the major constituents and trace components can be detected by the XRF test. According to the XRF test results, the chemical constituents and loss on ignitions (LOI) of the concrete samples are shown in Tables 2  and 3 , respectively. The chemical compositions of all 8 concrete samples are very close. The basic elements are Si, Al, Ca, and Fe, ( Table 2) . The site survey results also indicate that all of these samples are fairly intact (Figure 2 ). The average LOI value is 11.24%, and average mass fraction percentage of SiO 2 is 45% and that of SO 3 is only 0. mainly caused by CaO decomposing and the organic content is very small. Three concrete samples from the dam gallery surface, which are in serious degradation according to the site survey (Figure 2 ), were also taken to do the XRF test. The average LOI value is 21.76%, which means there are lots of materials lost at 1000-1100 ∘ C heat for the degradation concrete of the dam gallery surface. The average mass fraction percentages of SiO 2 are only 17.43%, which is less than half of that of borehole samples. Nevertheless, the average mass fraction percentage of SO 3 reaches 33.38%.
The comparison of chemical constituents and LOI between surface and borehole concrete samples is shown in Figure 3 . The main differences between seriously corroded concrete, taken from the gallery surface, and fairly intact concrete are the SiO 2 , CaO, Al 2 O 3 , and SO 3 contents. For the fairly intact concrete, the contents of SiO 2 and Al 2 O 3 are more than those of degradation concrete. Conversely, the contents of CaO and SO 3 of fairly intact concrete are less than those of degradation concrete. All the above test results indicate that the concrete degradation at Lijiaxia dam gallery concrete belongs to sulphate attack. In order to analyze the degradation products of the concrete, XRD tests were conducted to investigate the main mineral facies of all the concrete samples.
The Main Mineral Facies Analysis by XRD.
XRD is an effective tool for identifying the atomic and molecular structures of a crystal. The crystalline atoms can cause a beam of incident X-rays to diffract into many specific directions. The crystallographer can produce a three-dimensional picture of the density of electrons within the crystal according to the angles and intensities of these diffracted beams. Hence, the mean positions of the atoms in the crystal, chemical bonds, and disorder can be determined [22] [23] [24] . All of the 11 samples were subjected to XRD tests to investigate the elements fabric, existing state, and the mineral facies [18, 19] .
Similar XRD tests results of the borehole samples were obtained from the three difference locations (Figure 4) . However, the gallery surface samples vary with the borehole samples, even though they are from the same location. The main reason might be that the degradation degrees are different, which also could be found by the site survey and XRF test results. The SiO 2 and CaCO 3 are the main matters of the samples, including surface and borehole samples, where the SiO 2 is from the concrete aggregate, while CaCO 3 indicates that the carbonization happened in the concrete. The main difference between the borehole concrete and gallery surface is the set cement which is composed of the hydrated cement products, such as Ca(OH) 2 . The set cement could not be found in the seriously corroded gallery surface samples by the XRD test but was found in the borehole samples. The difference confirms that samples from gallery surface have been eroded in the corrosive medium environment. Moreover, the CaSO 4 ⋅0.5H 2 O were detected in the samples from BH2-0 and BH3-0 locations, which is the typical mineral of the concrete degradation by the sulphate solution [17, 25] . The CaSO 4 ⋅0.5H 2 O mineral shows that the concrete degradations from BH2-0 and BH3-0 are the most severe locations among all 11 samples.
Another interesting thing found from the XRD spectra result is that the ettringite might exist in BH1-3 and BH1-4 samples (2 = 8.75, d = 9.97∼10.11) (Figure 4) . In order to make it clear whether the ettringite exists as the degradation products, SEM and EDS tests were conducted on BH1-3 and BH1-4 samples. S-3400N II scanning electron microscope, and the SEM images of BH1-3 and BH1-4 samples are shown in Figure 5 . The relative concentration rod-like crystalline contents could be seen in both of two samples, which is very similar to the crystal shape of ettringite (3CaO⋅Al 2 O 3 ⋅3CaSO 4 ⋅32H 2 O) [17] .
The SEM and EDS
Meanwhile, the EDS spectra results are shown in Figure 6 , which indicate that the major elements of the rodlike crystalline contents and the adjacent mineral are Ca, S, and Al. The corresponding oxides of Ca, S, and Al are CaO, SO 3 , and Al 2 O 3 , and the total mass contents of these oxides are 91.86% and 95.80% for BH1-3 and BH1-4 samples, respectively. Moreover, Ca, S, and Al are the basic elements of ettringite, and the total contents of the corresponding oxides are over 90%. Hence, it is confirmed that the ettringite mineral is generated in the BH1 [17, 25, 26] , which is the typical sulphate attack product. Hence, proper precautions have to be taken on this hydropower station dam gallery, especially for the sulphate attack prevention.
The Mechanism of Concrete Degradation
The above tests results indicate that the dam gallery concrete of the Lijiaxia hydropower station dam was subjected to degradation damage to some extent, especially by the sulphate attack, not only for the surface concrete. In order to investigate the mechanism of the concrete degradation, the water samples were collected from the three different boreholes. The water quality tests were operated for each of the samples, and the results are shown in Table 4 . The contents of SO 4 2− are more than 1000 mg/L in the water from three boreholes, which could corrode the ordinary Portland cement but not sulphate resistant one. However, the content of SO 4 2− is more than 3000 mg/L in BH2, which indicates that even sulphate resistant cement could get degradation.
There are not only Ca 2+ and SO 4 2− existing in the concrete groundwater, but also some other ions. However, the other ions would affect the position of the critical saturation point due to the ion effect. The saturation indexes (SI) between carbonates [15] , sulphates, and the groundwater from these three boreholes were analyzed ( Table 5 ). The analyzed results show that SI > 0 between sulphates and the groundwater from BH2 and BH3, which means the mineral is precipitating, while SI < 0 for BH1, which means the mineral is dissolved. SI > 0 between carbonates and the groundwater of all three boreholes, which means the concrete is being corroded and the mineral is precipitating. All of the concrete from the three locations could get degradation, and some new substance might be generated in the view of the chemical thermodynamics. In sulphate environment, the SO 
However, Ca(OH) 2 and CaSO 4 in the concrete could form gypsum with a high concentration of SO 4 2− :
Both the microstructural investigation results and water quality analysis show that the Lijiaxia concrete dam gallery is subjected to concrete degradation, especially by sulphate attack. The proper reinforcement and precaution measures Journal of Chemistry 7 have to be conducted to limit further degradation and make sure the safety of dam construction. Firstly, the dam gallery surface concrete is corroded seriously, which has to be reinforced. According to the water quality analysis results, the sulphate resistant concrete is suggested to be used in the reinforcement. In addition, the drainage holes in the gallery are suggested to be checked over to clarify whether they are effectively plugged or not. The plugged drainage holes have to be cleared to restore the water drainage function, which could decrease the alternate dry and wet of the gallery concrete.
Conclusions
The degradation of the concrete dam is one of the most important issues after the hydropower station is built. A reasonable and correct method is the key role of the concrete degradation evaluation. In this paper, the comprehensive evaluation method by using XRF, XRD, SEM, and EDS is applied on the gallery concrete of Lijiaxia hydropower station. In this paper, the experimental method of dam concrete degradation assessment could be a useful reference for future inspections for Lijiaxia hydroelectric station dam and regular inspections for other similar concrete dams. Our experimental study has made the following findings.
(1) Both of the gallery surface and borehole concrete are corroded. The degradation degree of gallery surface concrete is much more severe than the borehole concrete. But the degradation is not enough to cause harm to the hydropower station. The surface concrete is suggested to be reinforced by the sulphate resistant concrete based on experimental results.
(2) The main chemical composition contents of the concrete change during the degradation, and the SO 3 content increases obviously as the degradation degree increases. Moreover, the mineral facies of the concrete change correspondingly, and the set cement would be replaced by calcite and ettringite, which indicates that the concrete is subjected to the sulphate attack.
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